Insects can serve as a novel high-quality protein source for pet foods. However, there is an absence of research investigating the use of insects in pet food. The study objective was to evaluate the apparent total tract digestibility and possible health effects of diets containing graded levels of cricket (Gryllodes sigillatus) meal fed to healthy adult dogs. Thirty-two adult Beagles were randomly assigned to one of four dietary treatments: 0%, 8%, 16%, or 24% cricket meal. Dogs were fed their respective diet for a total of 29 d with a 6-d collection phase. Fecal samples were collected daily during the collection phase to measure total fecal output as well as apparent total tract digestibility for dry matter (DM), organic matter, crude protein, fat, total dietary fiber, and gross energy. Blood samples were taken prior to the study and on day 29 for hematology and chemistry profiles. Data were analyzed in a mixed model including the fixed effects of diet and sex. Total fecal output increased on both an as-is (P = 0.030) and DM basis (P = 0.024). The apparent total tract digestibility of each nutrient decreased (P < 0.001) with the increasing level of cricket meal inclusion. All blood values remained within desired reference intervals indicating healthy dogs. Slight fluctuations in blood urea nitrogen (P = 0.037) and hemoglobin (P = 0.044) levels were observed but were not considered of biological significance. Even with the decrease in digestibility with the inclusion of cricket meal, diets remained highly digestible at greater than 80% total apparent digestibility. In conclusion, crickets were demonstrated to be an acceptable ingredient for dog diets.
Introduction
The pet food industry is constantly evolving due to consumer demand. To be successful, pet food companies must discover ways to create novel products to meet these demands. The use of insects as an ingredient in pet food could be the next trend in the pet food industry. There is already interest in insects for food application, where it could serve as a more sustainable protein source than meat. Insects require fewer resources and emit fewer greenhouse gas emissions compared with livestock raised for food production (Oonincx and de Boer, 2012) . Insects can also be grown on food waste, contributing to circular economies (Salomone et al., 2017) . Van Huis et al. (2013) reported that compared with conventional livestock at 40% to 60% insects have a greater edible component at 80%, which leads to less unused products. Furthermore, studies in livestock support their suitability to partially or completely replace conventional protein sources, such as fishmeal and soybean meal (Makkar et al., 2014) . This may fuel the development of largescale rearing of insects in which the pet food industry could take advantage of to meet consumer demands.
A variety of cricket species have been shown to have a high nutritious value. Previous studies have shown that crickets contain 58 to 78% crude protein (CP) and up to 18% fat on a dry matter (DM) basis (DeFoliart et al., 1982; Nakagaki et al., 1987; Finke et al., 1989; Barker et al., 1998; Wang et al., 2005; Moreki et al., 2012) . According to the swine NRC (2012), the CP content of cricket meal is comparable to fishmeal and soy protein concentrate. In addition, the amino acid profile of crickets and fishmeal is similar (Finke, 2002; Wang et al., 2005) . Of note, the nutrient composition varies depending on an insect's life stage, diet, and origin.
Only a few studies have investigated the use of crickets in diets fed to monogastric animals. Miech et al. (2017) reported the apparent nutrient digestibility of diets containing crickets to be higher or similar to that of fishmeal when fed to piglets. For example, the digestibility of crude fiber for the diet containing whole crickets was 48% while that of fishmeal was 31% (Miech et al., 2017) . In addition, ground Mormon crickets have been reported to be a suitable protein source for rats (Finke et al., 1987) .
The current study is one of the first long-term feeding trials in which general blood parameters of animals were analyzed after consuming diets containing cricket meal. For the evaluation of novel foods, it is important to have such studies as they provide information about nutritional adequacy beyond fecal nutrient digestibility. Therefore, the objective of this study was to determine the apparent digestibility and any possible health effects resulting from diets containing graded levels of cricket meal fed to healthy adult dogs.
Materials and Methods
The study was conducted at Summit Ridge Farms in Susquehanna, PA, and was approved by the Summit Ridge Farms' Institutional Animal Care and Use Committee on June 28, 2018.
Animals and housing
Thirty-two Beagles (16 males and 16 females), 4.75 ± 2.5 yr old with an initial body weight of 9.69 ± 1.9 kg (mean ± SD), were enrolled in this study. All animals were healthy, passing a veterinary physical examination and baseline hematology and clinical chemistry screening prior to the start of the study. Dogs were also of optimal weight and body condition. Dogs were housed in individual runs with 16 ft 2 of raised floor space in a temperature-controlled facility (15 to 24°C) kept on a 12-h light/12-h dark cycle. Grated floors allowed fecal output to fall through to prevent coprophagy. Dogs were socialized and provided daily interaction with other dogs and staff. Dogs did not have outside access during the study to prevent the consumption of foreign material.
Diets and feeding
A total of four diets, formulated to meet current Association of American Feed Control Officials' guidelines for dogs, were used containing increasing levels of cricket meal: 0% (control), 8%, 16%, or 24% cricket meal (Table 1) . Crickets were raised under closed and controlled conditions and in accordance with the requirements for the production of food-grade insects. The cricket meal added to the diets was produced from banded crickets (Gryllodes sigillatus) raised on a modified chicken feed until maturity (~35 to 40 d). Reared crickets were frozen before being washed, roasted at 93.3 °C for 6 h, and milled into a fine meal (425 um). The nutrient composition of the cricket meal specifically used in this study is provided in Table 2 . Raw ingredients were purchased from and ground with a hammer mill using a 3/64-inch screen by Fairview Mills (Seneca, KS). Diets were processed using an X115 single screw extruder and dried using a Wenger Enhanced Sanitary Dryer. Diet samples were stored for future analyses.
Dogs were randomly assigned to one of four dietary treatments in a complete randomized design with eight dogs per treatment (four males and four females). Each treatment was fed for a total of 29 d, using a 23-d adaption phase followed by a 6-d collection phase. This study duration is internationally recognized as suitable for novel proteins as highlighted by European Food Safety Authority's guidance for feed additives and for novel biomasses. Dogs were individually fed their respective diet once a day at 0700 hours and given the day for consumption. Feeding amounts were adjusted weekly to maintain body weight but were not adjusted during the collection period. Daily feed intake and any orts were recorded for each dog throughout the experiment. Water was provided ad libitum using an automatic watering system throughout the study.
Sample collection
Total fecal output was collected daily during the collection phase and averaged to determine daily fecal output (g as-is/d). Feces collected during the 6-d collection period were pooled, homogenized, and stored at 4 °C for each dog before the nutrient analysis. Additional fecal collections were performed on days 14 and 28 for microbial analysis (as reported in Jarett et al., 2019) . Fecal scores were record at least three times a day during the collection phase according to the following scale: 0 = none, 1 = watery diarrhea, 1.5 = diarrhea, 2 = moist, no form, 2.5 = moist, some form, 3 = moist, formed, 3.5 = well-formed, sticky, 4 = well-formed, 4.5 = hard, dry, and 5 = hard, dry, crumbly.
A 5-mL blood sample was collected from each dog via jugular venipuncture at baseline and on day 29 of the study for hematology and chemistry profiles. The sample was split into two collections tubes. Serum tubes were spun in a refrigerated centrifuge for 15 min at 3,000 rpm after being allowed to clot. Ethylenediaminetetraacetic acid (EDTA) tubes were placed on a rocker for 15 min to allow the blood to adequately mix with the anticoagulant.
Laboratory analyses
Nutrient composition of the cricket meal was provided by the supplier. DM, CP, crude fat, and ash analyses of the cricket meal Total fecal collections and dietary treatments were analyzed for DM, organic matter (OM), CP, crude fat, total dietary fiber (TDF), and gross energy (GE). All chemical analyses were conducted in the Comparative Nutrition Laboratory at Iowa State University (Ames, IA). Fecal samples and dietary subsamples were dried at 65 °C in a forced air-drying oven and ground in order to pass through a 1.0-mm screen in a Wiley grinder (Model ED-5, Thomas Scientific Inc., Swedesboro, NJ). Diet and fecal samples were analyzed for DM (AOAC 934.01) and OM (AOAC 942.05). Nitrogen was determined using a LECO Nitrogen Analyzer (AOAC 992.15; model TruMacN; LECO Corporation; St. Joseph, MI). An EDTA sample of 9.56% nitrogen was used as the standard for calibration. Crude protein was estimated by multiplying the analyzed nitrogen content by 6.25. Crude fat was determined via acid hydrolysis and hexane extraction (AOAC 960.39). GE was determined via bomb calorimetry (model 6200; Parr Instrument Co.; Moline, IL) with benzoic acid (6,318 kcal GE/kg; Parr Instrument Co.) used as the standard for calibration. TDF was analyzed at Midwest Laboratories (Omaha, NE). Blood samples were packaged and sent priority-overnight for the analysis to Antech Diagnostics (Memphis, TN) for hematology (Siemens Advia 120) and clinical chemistry (Beckman Coulter AU5800). 
Apparent total tract digestibility calculation
Apparent total tract macronutrient and energy digestibility were determined using chemical composition data from diet and fecal samples and feed intake/fecal output records. Apparent total tract macronutrient and GE digestibility were calculated using the following equation:
Statistical analysis
Normality of residuals were tested using PROC UNIVARIATE.
Data were analyzed in a mixed model including the fixed effects of diet and sex (PROC MIXED, Version 9.4, SAS Inst., Cary, NC). A diagonal covariance structure was used with initial body weight as a covariate for analysis of body weights recorded during the duration of the study and baseline blood values as a covariate for final blood parameters. Differences between diets were determined using least squared means. A probability of P < 0.05 was considered statistically significant and standard error of the means (SEM) were determined. Orthogonal contrasts to determine linear, quadratic, or cubic relationships were also analyzed.
Results and Discussion

Diet and fecal chemical analyses
Nutrient concentrations of the diets ranged for DM (92.0% to 93.4%), OM (92.9% to 93.6%), CP (26.1% to 28.0%), fat (13.1% to 14.2%), and GE (4,891 to 4,932kcal/kg) (Table 3) . TDF steadily increased from 1.92% (control) to 3.86% (24% cricket meal). Replacement of chicken meal with cricket meal increased DM, OM, CP, fat, GE, and TDF in the diets. Comparing the control with the 24% diet, the fiber content was approximately 2× greater. The increased fiber content of the diets may be explained by chitin, a component of an insect's exoskeleton, which is recovered in fiber analyses (Koutsos et al., 2019) . Crickets have been reported to contain 7% to 9% chitin on a DM basis (Finke, 2002; Wang et al., 2005) , which monogastric animals are unable to digest (Ngoan et al., 2000; Ngoan and Lindberg, 2001) . The level of cricket meal inclusion in canine diets might be dictated by the higher concentration of TDF in the diet due to its possible impact on fecal characteristics and digestibility.
Feed intake and fecal characteristics
Feed intake and fecal characteristics are presented in Table 4 . There were no significant differences for as fed (P = 0.385) or DM (P = 0.380) intake or mean body weight (P = 0.827) among Means within a row lacking a common superscript letter are different (P < 0.05). Means within a row lacking a common superscript letter are different (P < 0.05).
treatments. However, there were significant differences for fecal output on both an as-is (P = 0.030) and DM (P = 0.024) basis when comparing treatments. In addition, fecal output followed a linear relationship with cricket inclusion (P ≤ 0.009). The increased fecal output may be explained by the increase in dietary fiber. Previous studies have shown an increase in wet fecal weight with the increase in dietary fiber (Bueno et al., 1981; McPherson-Kay, 1987; Fahey et al., 1990; Cole et al., 1999) . This result may be due to the "bulking effect" of fiber and appears to be most strongly associated with insoluble fiber sources which are poorly fermentable and have a good water-binding capacity (Diez et al., 1998) . Further research is needed to access the water-binding capacity of chitin. Typically, with the increase in wet fecal weight, the DM output is not altered, meaning the main contributor is increased water content in the stool. However, in this study, the DM output was also significantly impacted. In vitro fermentation of undigested insect fractions was found to be negligible in non-adapted dogs, though there might be fermentation (and production of short-chain fatty acids) when the dog microbiota adapts to the fractions (Bosch et al., 2016) . Jarett et al. (2019) previously published from this study that microbial communities among fecal samples minimally differed among treatments. This indicates that the increase in fecal output with increased cricket inclusion was not due to increased microbial abundance. Shortchain fatty acid concentrations were not directly measured in this study, but production rates have been reported to increase with dietary fiber inclusion (Sunvold et al., 1995) . In addition, the decreased digestibility with the increase in fiber may have led to the increased DM fecal output. Notably, the fecal DM content remained low at 26.4% with the 16% cricket meal inclusion possibly indicating an optimum inclusion level. Fecal scores were maintained at acceptable levels with an average of 3.4 or 3.5 for each treatment. Fecal pH also did not differ among treatments (P = 0.232), suggesting the addition of chitin did not alter fermentation yielding short-chain fatty acids (Bosch et al., 2016) . In addition, the maintenance of fecal pH could indicate that the change in protein source did not impact protein fermentation. Although fecal output was altered, other fecal characteristics were maintained as levels of cricket meal increased.
Apparent total tract digestibility
Apparent digestibility ranged for DM (88.9% to 83.9%), OM (91.5% to 86.8%), CP (88.2% to 82.1%), fat (96.4% to 94.8%), and GE (92.4% to 88.3%) from the control to the 24% cricket meal diet (Table 4 ). The apparent digestibility for fiber was much lower ranging from 57.5% to 46.3%. The low level of fiber digestibility is to be expected due to its ability to resist hydrolysis by endogenous enzymes. Most dietary fiber passes to the large intestine undigested where it can then be fermented by microbes (NRC, 2006) . Each nutrient digestibility had significant differences among treatments (P < 0.001). Linear (P < 0.001) and cubic (P < 0.05) relationships were observed in DM, fat, GE, OM, and CP digestibility with the increase in cricket meal. Fiber digestibility only presented a cubic relationship (P < 0.001). Fahey et al. (1990) showed a similar range for fiber digestibility as well as a cubic relationship when testing increasing levels of beet pulp, 5% to 14% TDF, in diets fed to dogs. Cubic relationships could indicate an optimum inclusion level. Cole et al. (1999) reported a linear decrease in DM, OM, and GE digestibility with an increase in soybean hulls in dog diets containing 3% to 9% TDF. Likewise, chitin has previously been implicated as a factor in the reduced digestibility of insects in livestock and aquaculture (Dumas et al., 2018) . Concerns regarding chitin and the negative impact on digestibility are complicated by a lack of analytical methods (Koutsos et al., Means within a row lacking a common superscript letter are different (P < 0.05). 2019). Interestingly, Bosch et al. (2014) reported the in vitro OM digestibility of house crickets to be 88% which was similar when compared with poultry meat meal at 85.8%. Of note, this in vitro study reported maximal digestibility in line with the true ileal digestibility approach while apparent fecal digestibly tends to underestimate true digestibility. Nonetheless, the apparent fecal DM digestibility of each treatment in this study is still greater than 80%, which is comparable to commercially manufactured dog foods (Castrillo et al., 2001) . Notably, crickets in this study were roasted and ground; other processing methods may influence results (Poelaert et al., 2018) .
Blood panels
Blood results and reference intervals for healthy dogs are presented in Table 5 and Table 6 . Blood samples were analyzed to determine any fluctuations among treatments and to monitor health status. Blood urea nitrogen (BUN; P = 0.037) and hemoglobin (P = 0.044) levels were the only blood parameters with significant results among treatments. BUN presented a significant cubic (P = 0.020) relationship with the increase in cricket inclusion. As a result of amino acid oxidation and urea cycle activity, urea is produced by the liver and is carried by the blood to the kidney for excretion. Even though diets were formulated to be isonitrogenous, protein levels of the diets numerically increased with increased cricket meal. Therefore, the increase in dietary protein could have led to fluctuations in BUN levels (Hosten, 1990) . Hemoglobin presented a linear decrease with the increase of cricket meal (P = 0.006). A possible speculation of the decrease in hemoglobin may be due to differing iron levels in the chicken meal vs. the cricket meal, which was not measured in this study. However, each diet had the same inclusion level of the mineral premix, containing iron. The treatment differences among BUN and hemoglobin are not of clinical concern due to blood parameters remaining within the desired reference intervals for healthy dogs. Blood values outside desired reference intervals did occur based on individual dogs but were minimal. Overall, blood parameters were consistent throughout treatments indicating no impact on health status with dietary treatment.
Conclusion
The study described the effect of graded levels of cricket meal in diets fed to adult dogs. Inclusion of cricket meal in canine diets can serve as an acceptable source of protein when compared with a control diet with chicken meal as a protein source. The maintenance of acceptable fecal characteristics and blood parameters throughout the duration of the study indicates that there were no adverse health effects while animals were fed dietary treatment. Differences in apparent digestibility, likely resulting from the increase in fiber, may drive decision on optimal inclusion level of cricket meal fed to adult dogs. Future research is needed to investigate the potential functionality of the chitin component in cricket meal. It would also be beneficial to investigate the health status of dogs resulting from longerterm feeding of diets containing cricket meal.
